In its decade of operation the Cassini mission has allowed us to look deep into Saturn's atmosphere and investigate the processes occurring below its enshrouding haze. We use Visual and Infrared Mapping Spectrometer (VIMS) 4.6-5.2 µm data from early in the mission to investigate the location and properties of Saturn's cloud structure between 0.6 and 5 bars. We average nightside spectra from 2006 over latitude circles and model the spectral limb darkening using the NEMESIS radiative transfer and retrieval tool.
mission to investigate the location and properties of Saturn's cloud structure between 0.6 and 5 bars. We average nightside spectra from 2006 over latitude circles and model the spectral limb darkening using the NEMESIS radiative transfer and retrieval tool.
We present our best-fit deep cloud model for latitudes −40
• < λ < 50
• , along with retrieved abundances for NH 3 , PH 3 and AsH 3 . We find an increase in NH 3 abundance at the equator, a cloud base at ∼2.3 bar and no evidence for cloud particles with strong absorption features in the 4.6-5.2 µm wavelength range, all of which are consistent with previous work. Non-scattering cloud models assuming a composition of either NH 3 or NH 4 SH, with a scattering haze overlying, fit limb darkening curves and spectra at all latitudes well; the retrieved optical depth for the tropospheric haze is decreased in the northern (winter) hemisphere, implying that the haze has a photochemical origin.
Our ability to test this hypothesis by examining spectra at different seasons is restricted by the varying geometry of VIMS observations over the life of the mission, and the appearance of the Saturn storm towards the end of 2010.
Introduction
It has long been known that clouds are present on the giant planets in our solar system, but attempts to predict their location and composition using microphysical models have so far been relatively unsuccessful (e.g. Atreya et al. 2005, describing the cloud patterns found on Jupiter by the Galileo spacecraft). Clouds are intimately linked with planetary dynamics and chemistry, so understanding their formation and behaviour is a key part of studying any planetary atmosphere.
The arrival of the Cassini mission at Saturn provided an unprecedented opportunity to study its atmosphere. In the subsequent decade, Saturn's stratospheric composition has been monitored during the changing seasons Sinclair et al., 2013; Fletcher et al., 2015) ; a spectacular hexagonal vortex has been observed at the north pole Baines et al., 2009) ; and the development of a dramatic, large scale storm has been traced over a period of several months Fischer et al., 2011b; Sánchez-Lavega et al., 2011; Fletcher et al., 2012; Hesman et al., 2012; Sromovsky et al., 2013; Sayanagi et al., 2013; Achterberg et al., 2014 ). Cassini's suite of instruments includes the Visual and Infrared Mapping Spectrometer (VIMS), which provides wavelength coverage between 0.3 and 5.1 µm at a spectral resolution of ∼16 nm. Absorption bands due to methane, ammonia, phosphine and other trace gases are present in this wavelength range; we can observe the reflected sunlight signature from the dayside at shorter wavelengths, and on the nightside the thermal emission from the planet begins to emerge at around 4.6 µm. This broad wavelength coverage provides sensitivity over a large altitude range, making this instrument extremely useful for atmospheric sounding; also, due to the typical size of particles (Roman et al. 2013 finds tropospheric haze particles have radii of approximately 2 µm), VIMS is highly sensitive beyond 4.6 µm to the spectral effect of clouds and haze in the lower atmosphere (between 1 and 8 bars).
In this work, we use VIMS 4.6-5.2 µm thermal emission spectra from the night-side of Saturn to investigate the tropospheric cloud and haze. Stratospheric and tropospheric haze properties can be explored using reflected light from the dayside (e.g. Karkoschka and Tomasko 2005; Sromovsky et al. 2013; Roman et al. 2013 ) but sunlight does not penetrate far enough into Saturn's atmosphere to easily probe cloud much beyond the 1-bar pressure level. On the other hand, thermal emission from the deep atmosphere is absorbed and scattered by clouds in this altitude region (Baines et al., 2006; Choi et al., 2009) , as discussed by Fletcher et al. (2011a) , who presented the first detailed exploration of thermal emission from Saturn using VIMS. They investigated the sensitivity of the spectrum to properties of the tropospheric cloud and haze, as well as determining the latitudinal dependence of PH 3 , NH 3 and AsH 3 gas abundances, but found considerable solution degeneracy. We build on this previous work by using spectroscopic limb darkening within latitude circles to provide further constraint on the properties of the cloud and haze. Ground-based observations by Yanamandra-Fisher et al. (2001) showed strong latitudinal variation in 5.2 µm brightness, attributed to variation in cloud properties; we aim to gain a broad, global picture of Saturn's tropospheric aerosol properties as a function of latitude.
Uncertainty as to the composition and size, and therefore scattering properties, of the Kronian clouds is a major contributor to solution degeneracy in the Fletcher et al.
(2011a) study. use an equilibrium cloud model for Saturn to predict the presence of NH 3 ice and solid NH 4 SH clouds in the troposphere. The NH 3 ice cloud is estimated to form a little above the 2 bar level, with the deeper NH 4 SH cloud forming at around 5 bars. Below this level we may also expect water ice clouds to form, but it is unlikely that these will persist to high enough altitudes for the VIMS measurements to be sensitive to them (at these wavelengths, VIMS is mostly sensitive to pressures between 1 and 8 bar, Fletcher et al. 2011a ).
Previous observational work on Saturn's cloud (e.g. Karkoschka and Tomasko 2005; Fletcher et al. 2011a; Sromovsky et al. 2013; Roman et al. 2013) initio models in this way reduces the degeneracy of the problem and allows a more informative exploration of other cloud parameters such as particle size.
Data and reduction
We use nightside VIMS cubes from April 2006 (late northern winter/southern summer; Table 1 ) to investigate the cloud limb darkening properties. We choose cubes from this year as Cassini's fairly equatorial orbit at that time allows us to investigate from the equator up to the mid-latitudes of both hemispheres. It also facilitates comparison with Fletcher et al. (2011a) , who used the same cubes. These are overlapping observations taken in a single session while Saturn rotated underneath, such that all longitudes were observed. They are shown in Figure 1 , in which it can be seen that the northern latitudes are much brighter than the south at 5 µm. average limb darkening at 5.1 µm for latitude circles and 20
• north and south are shown in Figure 3 . The small scale variation is apparent, but it is also clear that the average captures the basic limb darkening trend well. The variation in emission angle range is due to the equatorial location of the spacecraft during these observations, leading to generally higher emission angles further from the equator. At low and equatorial latitudes, the images do not extend to the limb of the planet, truncating the limb darkening
range. An example of the manipulation of a single cube is shown in Figure 2 .
The cubes were downloaded from the NASA PDS archive and calibrated using the standard ISIS pipeline (Fletcher et al., 2011a) . The cubes are projected onto a System III planetographic latitude/longitude grid. Radiometric errors are conservatively estimated to be 12% of the average flux between 4.7 and 5.1 µm; the 12% value is based on the error estimates used in Fletcher et al. (2011a) , but we assume a constant error of 12% of the average 4.7-5.1 µm flux across all wavelengths and all emission angles, which favours the spectral regions where the signal is largest.
Model atmosphere and retrieval
The Saturn model atmosphere is based on the work of Fletcher et al. (2011a) . Line data sources are as in this previous paper and Giles et al. (2015) . After Fletcher et al. : Jacobians (functional derivatives) for temperature, PH 3 , NH 3 and AsH 3 for a typical cloudy model atmosphere as used in this work. A compact tropospheric cloud is located at 2.3 bars and an extended haze between 0.1 and 0.6 bar. Jacobians show sensitivity to changes in temperature (per K) and PH 3 , NH 3 and AsH 3 abundances (per log volume mixing ratio) at different altitudes. The VIMS instrument is mostly sensitive to pressures between 1 and 8 bar. The effect of the cloud can be clearly seen in the increased sensitivity above the 2.3-bar level in the temperature and PH 3 Jacobians, whereas the haze is too high up to have a similar effect.
(2011a), we use latitudinally varying temperature profiles based on retrievals from the Composite Infrared Spectrometer (CIRS) instrument averaged over the [2004] [2005] [2006] [2007] [2008] period of observations, extrapolated to an adiabat in the deep atmosphere (Fletcher et al., 2007 . CIRS (FP3/FP4) operates in the 7-16 µm wavelength range, making it highly sensitive to Saturn's thermal emission from 600-100 mb and 10-1 mb and therefore an ideal probe of temperature in the upper troposphere and middle stratosphere. The temperature at higher pressures, closer to the regions in which VIMS is sensitive (see Figure 4 ), is not probed by the CIRS instrument and cannot be independently constrained using VIMS data; however, we expect the temperature to be more stable in the deeper regions of the atmosphere. We do not, therefore, expect smallscale variability to affect our results, especially as we average over spectra from eight different data cubes.
Retrieval Algorithm
We use the NEMESIS radiative transfer and retrieval algorithm to simultaneously retrieve several atmospheric properties from the VIMS spectra. After Fletcher et al. (2011a) , we only vary the model parameters to which the 4.6-5.1 µm spectral region is most sensitive, keeping everything else fixed. The main absorbers in this spectral region are the cloud and haze, as discussed in further detail in Section 3.2.
Regarding molecular absorbers, Fletcher et al. (2011a) found that, whilst NH 3 , PH 3 , AsH 3 , GeH 4 , CH 4 and CH 3 D have absorption in this region, variation in the abundances of GeH 4 , CH 4 and CH 3 D had an insignificant effect on spectra at the resolution of VIMS. The abundances of these gases were therefore fixed to the values used in Fletcher et al. (2011a) , leaving only three variable gases. The sensitivity of the spectrum to absorption by PH 3 , NH 3 and AsH 3 is indicated in Figure 4 , with PH 3 having the broadest effect across the spectrum. NH 3 absorbs at wavelengths longer than 4.8 µm and AsH 3 at shorter wavelengths. Fletcher et al. (2011a) found that the CIRS-derived PH 3 profile did not provide a good fit to the VIMS data. The CIRS instrument focal planes 3 and 4, previously used to constrain PH 3 abundance , are sensitive to absorption by PH 3 at lower pressures (300-800 mbar) than the VIMS measurements. As Fletcher et al. (2011a) , in this work the PH 3 profile is modelled with a constant volume mixing ratio up to a given pressure level (the 'knee pressure'), above which the abundance drops off as a function of altitude. CIRS measurements indicated that PH 3 would be wellmixed up to 0.55 bar, but Fletcher et al. (2011a) found, when analysing the VIMS observations, that the knee pressure instead occurred at 1.3 bar. We test the effect on the retrieval of varying this knee pressure. Though deeper pressures for the knee between 1.1 and 1.5 bar do indeed produce a better fit for the single nearest-to-nadir spectra, lower pressures produce a slightly better fit for limb darkening profiles, with a lower reduced χ-squared 1 ( Figure 5 ). The χ 2 for the limb darkening is calculated by treating all spectra in the limb darkening sequence as a single dataset. However, the spectral shape is reproduced slightly less well at these lower pressures. Changing 1 The χ 2 goodness-of-fit parameter is calculated using the relation χ 2 = (Σ(y measured − y modelled ) 2 /σ 2 ); the reduced χ 2 is this sum divided by the number of degrees of freedom.
the knee pressure does result in some changes in retrieved values: the tropospheric PH 3 abundance decreases for lower knee pressures, to compensate for the fact that the tropospheric abundance is fixed up to a higher altitude; the cloud optical depth decreases slightly whilst the haze optical depth increases, and a similar trade-off is seen between NH 3 and AsH 3 , with NH 3 decreasing and AsH 3 increasing. However, all of these effects are small and in the majority of cases do not exceed the retrieval error.
We therefore fix the knee pressure at 1.3 bar to facilitate simple comparison with the results of Fletcher et al. (2011a) , and retrieve the deep PH 3 abundance and a fractional scale height above the knee.
A priori abundances for PH 3 , NH 3 and AsH 3 are the best-fit values from Fletcher et al. (2011a) , and the other model atmosphere parameters are the same, with the exception of the cloud properties used which are explained further in Section 3.2. We retrieve scaled specific densities for the cloud species included in the model.
Cloud models
The key differences between this work and that of Fletcher et al. (2011a) The retrieved atmospheric properties depend on both the cloud vertical structure and scattering properties, with limb darkening providing a tighter constraint on both than Figure 5 : Retrieved atmospheric properties and fitting accuracies for limb darkening relations at 20 • S when different PH 3 knee pressures are used. Pressures around 1.1 bar produce the best fit if only the nearest-nadir spectrum is considered (top left-hand χ 2 plot), but the full limb darkening series slightly favours a lower pressure closer to the CIRS value (top right-hand χ 2 plot). However, we find that most retrieved values depend very little on the chosen knee pressure.
single observations taken close to the nadir. Fletcher et al. (2011a) consider three compositions for the tropospheric cloud: a non-scattering grey cloud, an NH 3 ice cloud with refractive indices taken from Martonchik et al. (1984) , and an NH 4 SH cloud with refractive indices taken from Howett et al. (2007) .
Extended and compact, scattering-and non-scattering variants of these models were considered, with or without the presence of an overlying grey cloud at the condensation pressure expected for the NH 3 cloud (around 1.5 bar).
We further explore the effect of different cloud scattering properties on VIMS spectra by considering the effects on limb darkening relationships. To this end, we consider four different cloud model scenarios (Table 3) . These consist of a compact deep cloud made of either NH 3 or NH 4 SH extending over a single model layer, as Fletcher et al. (2011a) found that a compact tropospheric cloud produced a better fit than an extended cloud. In two models we also include a 'tropospheric haze' layer as indicated by the Cassini ISS analysis of Roman et al. (2013) ; we choose to consider a haze layer rather than the 2-cloud model adopted by Fletcher et al. (2011a) as there is evidence for the presence of a tropospheric haze layer from reflected-light observations of Saturn, located higher up than a compact layer at 1.5 bar. This haze layer is extended between 0.1 and 0.6 bar, with an effective particle radius of 2 µm, as suggested by Roman et al. (2013) . This is also consistent with the results of Karkoschka and Tomasko (2005) . Roman et al. (2013) do not suggest a composition for this haze, but use a real refractive index of ∼1.43 at visible wavelengths, compatible with Martonchik et al. (1984) values for NH 3 ice. Likewise, we use NH 3 refractive index properties for this haze, since we know that NH 3 is abundant on Saturn and it is expected to condense, albeit at slightly higher pressures than the tropospheric haze layer.
The extinction cross section and single-scattering albedo are relatively uniform for 2 µm NH 3 particles over the 5µm wavelength range, as can be seen in Figure 6 . At 5 µm, larger NH 3 particle sizes have more spectrally uniform properties compared with smaller particles. Together with the evidence from Roman et al. (2013) , this spectral invariance is why we choose to use 2 µm haze particles; given that the composition of the haze is unknown, we do not want to introduce spurious absorption features into the spectrum when haze is included.
We choose to use properties for NH 3 and NH 4 SH particles rather than an arbitrary set of cloud properties. Introducing clouds adds a number of free parameters to the model, and it is clear from the results of Fletcher et al. (2011a) that the problem is very degenerate. This is therefore the simplest scenario, although more complicated ones exist, and these could be explored by allowing the refractive indices of the cloud constituent to be free parameters. However, this approach would extend the parameter space for this work to an unfeasibly wide range for a single study, and would be unlikely to enable us to make any more meaningful statements about the cloud properties. NH 3 ice and NH 4 SH are the two species that are predicted to condense at pressures to which the VIMS 5-µm measurements are sensitive, hence our choice. In the case where the data can be represented by a cloud made of either species, the retrieved cloud base pressure may serve as an indicator of composition should it occur at a predicted cloud base pressure for either NH 3 or NH 4 SH.
For models A-D, we test five different particle sizes for the cloud: 0.1, 0.3, 1, 3, and 10 µm. The spectral properties for each of these, and for the 2 µm particles we use for the haze model, are shown in Figure 6 . The significant changes in scattering properties over this range should allow some constraint to be placed on particle size.
For each size, a gamma distribution with a variance of 0.05 is used; this provides a relatively tight size distribution, but is broad enough to wash out smaller scale spectral features that arise when monodisperse particle size distributions are considered, making Retrieved quantity Parameterization Cloud specific density log multiple of profile (converted to optical depth) Haze specific density log multiple of profile (converted to optical depth) PH 3 VMR Deep abundance, fractional scale height above knee pressure NH 3 VMR log multiple of profile AsH 3 VMR log multiple of profile the extinction cross section and single-scattering albedo curves smooth. Fletcher et al.
(2011a) used the same size distribution, but only considered 1 µm particles for the tropospheric cloud. We compute the scattering cross-sections, single-scattering albedos and phase functions using Mie theory, assuming spherical particles. The calculated phase functions are then approximated using a two-term Henyey-Greenstein function.
For each of the models we also vary the base pressure between 0.7 and 5 bar. For each case, we perform a separate retrieval of the gas variables, cloud optical depth (and tropospheric haze optical depth if present) and compare the goodness of the resulting fit using the reduced χ 2 statistic. To select the best-fit cloud size and base pressure for each model we perform a full retrieval for the lowest emission angle spectrum within each latitude circle, and then use the retrieved parameters to forward model the limb darkening, as a full retrieval using all spectra is very computationally intensive. Once the best-fit cloud parameters are selected, full retrievals over all limb darkening spectra are performed for that case only. Retrieved quantities and parameterizations are listed in Table 4 .
Results
We present results from our range of retrieval tests here. It is immediately clear from consideration of the data that the limb darkening relationships differ between the southern and northern hemispheres. Fletcher et al. (2011a) identified hemispheric differences, with the northern hemisphere consistently appearing to be brighter, indicating that these latitudes are comparatively less cloudy, and we also see a stronger limb dark- Steeper limb darkening is indicative of cloud or haze that is more efficient at absorbing and less efficient at scattering light. The longer path length at high emission angles has an increased effect if the atmosphere is more absorbing, producing greater attenutation at high emission angles. We therefore test variants of cloud models A, B, C and D to investigate possible causes of increased limb darkening. These variants Table 5 . To achieve a non-scattering haze/cloud only, we set the singlescattering albedo for haze/cloud at all wavelengths to zero. Where both the cloud and the haze are non-scattering, we simply run the retrieval with scattering turned off.
The only variant of cloud models C and D that produce a good fit at all latitudes is the case where the deep cloud is assumed to be non-scattering but the haze is not (models Cii and Dii). It is possible to reproduce the different limb darkening relationships with a single model because the retrieved haze optical depth is lower in the northern (winter) hemisphere than the southern hemisphere. Therefore, the combination of cloud and haze in the southern hemisphere is more scattering overall than the northern hemisphere cloud and haze, which produces shallower limb darkening in the southern hemisphere compared with the northern hemisphere.
The difference in goodness of fit between NH 4 SH and NH 3 compositions for the tropospheric cloud is very small, although for most latitudes a slightly better fit is obtained for NH 4 SH. This is a result of the fact that for either case particle sizes are favoured for which the extinction cross section and single-scattering albedo variation with wavelength is small -no strong spectral features of the cloud are visible in the spectrum. To test the effect of spectral features due to the cloud, we test a further model (cloud model E) which is based on models Cii and Dii but has spectrally-invariant properties for the cloud and haze. The cloud becomes a simple grey, non-scattering cloud, and the haze is grey and scattering with a spectrally invariant phase function (based on the phase function for 2 µm NH 3 particles at 5 µm, as shown in Figure 6 ).
We find that in the majority of cases models including haze (C and D) provide a slightly better fit to the spectra than models without haze (A and B). The exception is at 50
• N where models A and B provide the best fit, and where the retrieved haze optical depth for models C and D is low anyway. The best-fit model variants for NH 3 and NH 4 SH compositions are shown in Table 6 . The fact that haze models are generally favoured is not an unexpected result as the tropospheric haze has been identified from observations at shorter wavelengths, as in e.g. Roman et al. (2013) . This fact, coupled with the need for the haze to reproduce the change in limb darkening properties as a function of latitude, suggests that the VIMS thermal emission spectral region is sensitive to both a tropospheric cloud and to some opacity higher in the atmosphere. The retrieved parameters for the best-fit A and B models are presented in Figure 9 , for bestfit C and D models in Figure 10 , and for best-fit non-scattering grey cloud/scattering grey haze models (E) in Figure 11 . between the tropospheric cloud and haze; however, the findings relating to scattering and the strong variation in haze optical depth with latitude demonstrates that the cloud and haze must be independent of each other. Conversely, there is strong evidence that the haze must be an extended layer rather than a compact layer, as the goodness of fit gets significantly worse as the haze base pressure gets closer to the top pressure.
It is obvious from Table 6 that the parameter space is highly degenerate; however, there are broad trends that can be immediately extracted. Models including haze are generally favoured. The difference in goodness of fit between the hazy and haze-free models is most clear at southern latitudes, which makes intuitive sense as this is where the retrieved haze optical depth is greatest.
We also show full spectral fits for the 20 • N and 20
• S cases in Figure 13 . This • Aiii 1.6 Biii 1.6 Cii 0.39 Dii 0.37 E 0.47 Table 6 : Best fit variants of the five cloud models for each latitude; models A/B are NH 3 /NH 4 SH models without haze, models C/D are the same with haze. Models i) have scattering cloud and non-scattering haze, models ii) have scattering haze and non-scattering cloud, and models iii) are completely non-scattering. Model E is a grey model with scattering haze and non-scattering cloud. The best-fitting models for each latitude are highlighted using bold font. Quoted reduced χ 2 values are for fits to the nearest-nadir spectrum with forward modelled limb darkening. reinforces the clear difference in not only the limb darkening relation but also the spectral shape between the two latitudes, with the 20
• N spectra clearly seen to be flatter in shape. The Dii model (non-scattering NH 4 SH cloud, scattering haze) clearly fits both sets of spectra well.
We can also produce a reasonable fit to the data with non-scattering grey cloud/scattering grey haze model E, although the best fit is achieved with an NH 3 or NH 4 SH cloud. The fact that a grey cloud can also reproduce the data means that we still have no strong evidence for a particular cloud composition. This is reinforced by the fact that the bestfit particle sizes for the NH 3 and NH 4 SH clouds are the sizes for which the extinction coefficient is relatively flat across the VIMS wavelengths (Figure 6 ), indicating that no significant absorption features due to cloud are present within the spectra.
Discussion
Generally, latitudinal trends in gas abundance agree with the findings of Fletcher et al.
(2011a), with a clear peak in NH 3 at the equator and both PH 3 and AsH 3 elevated in the southern hemisphere relative to the north. The retrieved haze optical depth is also reduced in the northern hemisphere for models where the haze is present. No significant trends in cloud particle size or base pressure are found as a function of latitude.
Cloud and haze
We found that, of the five cloud models tested, the best fit overall was obtained for variants of model D, with an NH 4 SH deep cloud and NH 3 2-µm tropospheric haze (chosen for the relative spectral invariance of its scattering properties), although model C also provides a reasonable fit. Hazy models C and D are strongly favoured over hazefree models A and B. These results, coupled with observations of a tropospheric haze layer using other instruments and also Cassini/VIMS measurements on the dayside, lead us to conclude that the models including tropospheric haze should be favoured.
However, for completeness, we here discuss the effect of the haze on the retrieval.
In general, the latitudinal trends in the retrieved values for gases are independent of the cloud model. The PH 3 , NH 3 and AsH 3 VMRs are all slightly higher in the southern hemisphere for the haze-free case, perhaps indicating that gas absorption is compensating for the reduced opacity when the haze is removed. The PH 3 scale height is also larger for the haze-free case, indicating that more PH 3 absorption is required higher in the atmosphere. The differences are negligible in the northern hemisphere, where the retrieved haze optical depth is small anyway. The cloud optical depth is higher in the southern hemisphere for the haze-free models, again, suggesting that the haze provides significant opacity. The cloud optical depth for the hazy models is very consistent with latitude, implying that the haze is responsible for the large variation in 5 µm brightness with latitude that is seen in Figure 1 .
The best fit cloud base pressure was similar for all cloud models tested, occurring between 1.5 and 2.7 bar. It is possible to place a good constraint on this value as these pressures occur within the wings of the weighting function at 5 µm, so the measurement is highly sensitive to the location of the cloud. The best-fit particle size is larger than 1 µm in all cases; the relative flatness of the extinction cross section for particles of 1, 3 and 10 µm for both NH 3 and NH 4 SH means it difficult to discriminate between these particle sizes, as all can produce a reasonable fit in most cases. We can exclude sub-micron-sized particles with high confidence. The best-fitting particle size for NH 3 clouds is consistently found to be 10 µm, which is at the upper limit of the sizes tested, but for NH 4 SH the best-fit size varies as a function of latitude. However, the reduced χ 2 for 1, 3 and 10 µm is similar for all latitudes. A best-fit particle size of 1 µm is associated with lower cloud optical depths, cloud base pressures and PH 3 volume mixing ratios. 1 µm particles have stronger extinction at shorter wavelengths than 3µm and 10µm-sized particles (Figure 6 ), and this effect trades off with raising the cloud deck higher in the atmosphere. Whilst there is little evidence to favour any specific particle size above 1 µm over any other, it is clear that particles with a flat extinction cross-section are favoured. This is is keeping with the fact that a grey cloud model also provides a reasonable fit to the spectra.
There is strong degeneracy between the PH 3 VMR and the cloud base pressure, with lower base pressures associated with lower PH 3 abundances and smaller scale heights. This effect is a cautionary reminder of the degeneracies present in problems like this, and the dependence of other retrieved values on details of the cloud model.
The retrieved haze optical depth for models C, D and E is higher in the southern hemisphere compared with the northern hemisphere, which is consistent with the findings of Fletcher et al. (2011a) that the haze optical depth increases in the southern hemisphere. It should be noted that there is significant degeneracy in the retrieval between the cloud and haze optical depths, with these parameters inversely correlatedso a higher retrieved haze optical depth can be offset to some extent by a lower cloud optical depth. This does not greatly affect retrievals of other parameters, but should be borne in mind when intepreting these results.
In addition, the optical depth of the tropospheric cloud is highly dependent on the model used, and is generally slightly higher than that found by Fletcher et al. (2011a) (1-2 instead of 0.1-2), although it is within the same range. The huge spread of values retrieved by Fletcher et al. (2011a) for different cloud models indicates the dependency on the precise cloud model, and it is to this that we attribute the discrepancies. is more variable, but this is due to degeneracies with the particle size. The optical depth for the grey cloud case (E) is also relatively uniform with latitude, so the main driver of the increased brightness in the northern hemisphere appears to be the tropospheric haze rather than the cloud.
Cloud composition
The retrieved cloud base pressure over all latitudes and for all models is found to be between 1.5 and 2.7 bar, which is consistent with previous results (e.g. Fletcher et al. 2011a, 1.8-3.0 bar; Roman et al. 2013, 1.75 bar) and lies between the predicted base pressures for NH 3 and NH 4 SH clouds . Therefore, this result does not provide any evidence for us to favour one of cloud models C and D over the other, and may instead imply that the tropospheric cloud is formed from a composite of NH 3 and NH 4 SH. Another possible interpretation is that the tropospheric haze corresponds to the predicted NH 3 cloud and the tropospheric cloud to the predicted NH 4 SH cloud, with the formation pressures being slightly lower for both than those suggested in the literature. However, these data do not allow discrimination between the scenarios presented here, and it is difficult to see how this question can be resolved in the absence of in-situ measurements.
Is it certain, however, that whatever the bulk composition of the tropospheric cloud it is not a pure species, as either pure NH 3 or pure NH 4 SH of the sizes that provide the best fit would scatter a substantial amount of light. However, the models that provide the best overall fit are models for which the tropospheric cloud is forced to be non-scattering. If NH 3 or NH 4 SH are present these species must be contaminated with something that darkens the individual particles and makes them more absorbing. Usually, dark contaminants of this kind might be expected to be photochemically produced, but this seems unlikely to be the case here as the haze is uncontaminated. Impurities may possibly be formed slightly below the haze, then drift downwards before coating the cloud particles. However, it is difficult to further elaborate on this scenario with the current lack of ground truth for Saturn.
PH 3
Our results agree with those of Fletcher et al. (2011a) in finding that a knee pressure between 1.1 and 1.5 bar produces a better fit to the nearest-nadir spectral shape than that derived from the CIRS results, so results from the VIMS instrument are consistent with each other but not with measurements made at longer wavelengths. As discussed by Fletcher et al. (2011a) , this discrepancy may be due to unresolved degeneracies in the retrievals for one of the instruments, which seems likely as there is clearly degeneracy between the retrieved phosphine abundance and the cloud model used in this work (see the difference made by the inclusion of haze, and the variation in particle size for NH 4 SH).
If the PH 3 knee pressure really is around 1.3 bar instead of the 0.55 bar derived from CIRS, there must be a mechanism for depleting PH 3 above the 1.3 bar level.
Photolysis is the obvious process, but photolysis of PH 3 is unlikely to occur this deep in Saturn's atmosphere and references therein). Turbulent mixing with PH 3 -poor atmosphere higher up could also produce the effect.
We generally retrieve a somewhat higher PH 3 VMR than Fletcher et al. (2011a) using cloud models C, D and E, which difference can again be attributed to differences in the details of the cloud model used, but we do see a hint of the decrease in abundance going from the southern to the northern hemisphere. However, we don't see the peak at +10
• that is hinted at in Fletcher et al. (2011a) , most likely as a result of the much broader latitude regions we use. We retrieve a similar PH 3 fractional scale height to Fletcher et al. (2011a) , also decreasing from the southern to the northern hemisphere.
The higher deep abundances retrieved are more consistent with those derived from CIRS observations ) than the results of Fletcher et al. (2011a) .
NH 3 and AsH 3
The variation in retrieved NH 3 abundance as a function of latitude is consistent with the findings of Fletcher et al. (2011a) , with an obvious peak at the equator. However, we retrieve deep abundances (> 1.0 bar) that are typically a factor of two higher than those of Fletcher et al. (2011a) . Results are particularly discrepant in the equatorial peak, with an especially high abundance (a factor of 3 greater than found by Fletcher et al. 2011a using a grey, non-scattering cloud model) retrieved using model E.
The observed discrepancy in deep NH 3 abundance between these results and those of Fletcher et al. (2011a) can most likely be attributed to the high degeneracy between the chosen cloud model, retrieved cloud properties and other model parameters. NH 3 is particularly affected as it absorbs over most of this spectral region, in much the same way as the cloud does. In addition, we average spectra over much broader bins in this work, which may also be a contributing factor. Measurements such as these, obtained over a relatively narrow range of wavelengths, are often subject to this kind of problem. In a future paper we aim to use dayside reflection spectra to inform our models of the tropospheric haze, which in conjunction with the results from this paper will further specify the cloud properties and thus should enable us to better constrain gas abundances in the deep atmosphere.
The AsH 3 abundances are very similar between the two analyses, except that we do not see the reduction in AsH 3 towards higher southern latitudes that is observed by Fletcher et al. (2011a) . This may be due to the coarser binning making it impossible to resolve the decrease, or the complex cloud model degeneracies already mentioned.
However, the retrieved abundances are the same within the error bars.
Temporal trends
We find that the striking hemispheric difference in the shape of the limb darkening curves is preserved into the following year, 2007. We examine 2007 data cubes listed in Table 7 . For comparison, we show the limb darkening curves at ±20
• for both years ( Figure 14 ). In addition, we perform a full limb darkening retrieval analysis using 
Conclusions
Building upon the near-nadir geometry work of Fletcher et al. (2011a) , investigating the limb darkening behaviour of Saturn's clouds using the Cassini/VIMS instrument has uncovered further global trends in the cloud properties. There are significant hemispheric differences in the shape of the limb darkening curves, with much steeper limb darkening in the northern hemisphere during late northern winter, indicating that the cloud and haze must be less scattering overall in the northern hemisphere. This be- haviour can be reproduced at all latitudes by a model with non-scattering tropospheric cloud and scattering tropospheric haze; as the haze optical depth decreases from the southern to the northern hemisphere, the non-scattering cloud dominates, meaning that the limb darkening curves are steeper in the north.
There is strong evidence for the presence of tropospheric haze from other instruments (e.g. see the Roman et al. 2013 results from the ISS instrument), which is borne out by the VIMS retrievals presented here. However, as found by Fletcher et al. (2011a) the problem is still highly degenerate and it is difficult to determine which hazy model is the best overall representation of Saturn's tropospheric cloud and haze. This is partly because clouds introduce several parameters into the model, and also because we do not observe any absorption features in the spectrum that are directly attributable to the cloud. Through simply comparing which of our model classes provides a good fit at the greatest number of latitudes, we find that a tropospheric, non-scattering NH 4 SH cloud with a haze layer above is marginally favoured over other cloud models; however, given the high degeneracy of the problem we cannot rule out other models entirely with this dataset alone, and whatever the tropospheric cloud is made of it must contain a contaminant that significantly reduces the single-scattering albedo of the particles from that of the pure species.
In a future paper, we hope to utilize the visible range of VIMS to study the stratospheric haze and place further constraints on the tropospheric haze, which will help to resolve some of the questions raised in this paper. However, in order to fully break these degeneracies, it will be necessary to send future spacecraft with either higher resolution spectrometers (to differentiate unambiguously between the effects of cloud and absorption due to gaseous species) and/or descent probes to directly sample the tropospheric environment.
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